Extracellular vesicles (EVs) facilitate cell-cell communication in animals and are integral 26 to many physiological and pathological processes. Evidence for the presence and 27 2 function of EVs in plants is limited. Here, we report that EVs derived from watermelon 28 fruit mesocarp are of similar size and morphology to the animal EV subtype known as 29 exosomes. Analysis of EV constituents revealed that watermelon EVs are negative for 30 endoplasmic reticulum markers, and that the miRNA and protein profiles differ from that 31 of watermelon mesocarp cells, suggesting that these EVs are actively synthesised and 32 are not merely cellular debris. Furthermore, we report a panel of proteins found in in 33 watermelon EVs as well as the published proteomes of grape, grapefruit, lemon and 34
Together these data suggest that the EVs isolated in this study are not merely 179 fragments of organelles produced during cellular breakdown or EV isolation. 180
The enrichment of specific miRNAs in watermelon EVs compared to cells suggests 181 active sorting of miRNAs in watermelon. In mammals, miRNAs are actively sorted into 182
EVs, in a sequence-dependent manner, by hnRNPA2B1 23 . To determine whether the 183 same may be true of plant EVs, a BLAST search for hnRNPA2B1 was conducted. No 184 sufficiently orthologous protein was found in the Viridiplantae kingdom. Furthermore, 185 analysis of the relationship between miRNA sequence, sequence motif or secondary 186 structure and enrichment/depletion in watermelon EVs (data not shown) revealed no 187 obvious association. However, when the miRNA seed sequence was considered in 188 isolation, it did appear that some related seed sequences were similarly regulated 189 ( Figure 2d ). As the seed sequence of miRNAs is the most important region for miRNA-190 mRNA binding, and mRNA abundance is inversely linked to miRNA sorting EVs in 191 animals 40 , we hypothesised the relationship between seed sequence and EV 192 enrichment may relate to the abundance of target mRNAs within watermelon cells. 193
Whilst the levels of mRNAs in watermelon cells are unknown, our analysis of the 194 proteins present in watermelon cells and EVs can be used as a proxy measure of the 195 abundance of their mRNAs; our data show that the levels of the cellular proteins that 196 are the targets of miRNAs enriched in EVs were lower than those that are the targets of 197 miRNAs depleted in EVs (Figure 2e ; p<0.01). A full list of watermelon EV miRNA 198 targets is given in Supplementary Table 3 . 199
Identification of potential plant EV markers 200
There is a growing consensus on the use of several lipid-associated/membrane-201 spanning and cytosolic proteins as suitable markers of mammalian EVs 39 . Likewise, 202 there is a proposed range of 'negative markers to distinguish human EVs, particularly 203 the MVB derived exosomes, from cellular debris 39 . We also demonstrated the depletion 204 of some of these 'negative' markers, such as calnexin, in watermelon EVs compared to 205 watermelon cells (Table 1) . 206
Currently, there are no widely recognised positive markers of plant EVs and there are 207 no sufficient homologs of human markers present in the watermelon proteome, 208 suggesting mechanisms of biosynthesis may differ. To discover potential novel 209 marker(s) of plant EVs, the proteomes of EVs from watermelon and EV-like particles 210 previously isolated from grape 11 , grapefruit 13 , lemon 14 and Arabidopsis thaliana 6 were 211 compared ( 
217
We next interrogated the EV protein profile using gene ontology (GO) enrichment 218 analysis, reasoning that such information might help to identify the site of EV 219 biogenesis. This indicated that the majority of the EV proteins are from either the 220 cytoplasm or the plastid and its derivatives ( Figure 3a ). The plastid is a known site of 221 vesicles 43-49 approximating the size of the smaller peak identified in nanoparticle 222 tracking analysis of watermelon EVs (Figure 1c Furthermore, the yellow-orange colouration of watermelon EV pellets suggests the 261 presence of lycopene, which is produced and stored within watermelon chromoplasts. 262
Interestingly, our analysis of the published proteomes of EV-like particles isolated from 263 grape 11 , grapefruit 13 , lemon 14 and Arabidopsis thaliana 6 suggests that plastids might be 264 a common site of EV synthesis in plants ( Figure 3b ). 265
Animal exosomes originate from MVB. As neither GO enrichment nor predictive 266 localisation based upon sequence are equipped for the assessment of MVB proteins, 267
BLAST was used to align the proteome of EVs from watermelon, grape, grapefruit, watermelon cells and EVs suggests that they have broadly similar roles in both 289 compartments ( Figure 5a ). However, whilst the processes and pathways of proteins 290 enriched in cells cover a wide range of cellular metabolic processes, those for proteins 291 enriched in EVs focus on nucleic acid metabolism, suggesting a role in gene 292 expression. When considered in isolation, those watermelon EV proteins that are 293 predicted to usually localise to the MVB or the plastid are also mostly involved in 294 metabolism ( Figure 5b ). The second highest enriched biological process theme in MVB 295 is gene expression (11.1%), with nucleic acid metabolism also featuring in the 296 metabolism processes. However, in plastids, the second highest enriched biological 297 process theme is response to reactive oxygen species (4.61%), followed closely by cell 298 signalling (4.15%), and gene expression does not feature. These data suggest distinct 299 roles for the proposed MVB-derived and plastid-derived EV subtypes. 300
As development/reproduction, metabolism and control of reactive oxygen species are 301 all important for fruit production and ripening, we hypothesised that watermelon EVs 302 could have a role in these processes. We therefore analysed an open access dataset 52 303 of the transcripts expressed in the fruit flesh of the LSW177 variety of watermelon on 304 days 10-34 after pollination, predicting that the mRNA targets of miRNA found in the bar chart and all processes grouped by theme given in the pie charts (development 333 emphasised). p-value correction for multiple testing was preformed using the Bonferroni 334 method. 335 metabolic process cellular process organic substance metabolic process primary metabolic process macromolecule metabolic process cellular metabolic process single-organism cellular process single-organism process cellular macromolecule metabolic process macromolecule modification cellular protein modification process protein modification process response to stimulus nitrogen compound metabolic process developmental process single-organism developmental process protein phosphorylation protein metabolic process anatomical structure development mitotic cell cycle process metabolic process single-organism process multicellular organismal process cellular protein modification process protein modification process cellular process macromolecule modification single organism reproductive process developmental process macromolecule metabolic process anatomical structure development single-organism cellular process single-multicellular organism process primary metabolic process single-organism developmental process organic substance metabolic process reproductive process reproduction protein metabolic process multicellular organism development watermelon EV proteins predicted to localise to the multivesicular body or plastid. The 359 top biological process theme following from metabolism is emphasised. 360 organic substance metabolic process primary metabolic process metabolic process organonitrogen compound metabolic process cellular process cellular metabolic process peptide metabolic process cellular amide metabolic process organonitrogen compound biosynthetic process amide biosynthetic process peptide biosynthetic process translation nitrogen compound metabolic process organic substance biosynthetic process biosynthetic process protein metabolic process cellular nitrogen compound metabolic process small molecule metabolic process cellular nitrogen compound biosynthetic process single-organism metabolic process small molecule metabolic process single-organism metabolic process metabolic process single-organism cellular process organonitrogen compound metabolic process single-organism process ribonucleoside triphosphate metabolic process nucleoside triphosphate metabolic process purine nucleoside triphosphate metabolic process purine ribonucleoside triphosphate metabolic process generation of precursor metabolites and energy nucleoside metabolic process ribonucleotide metabolic process glycosyl compound metabolic process small molecule biosynthetic process nucleoside monophosphate metabolic process cellular process ATP metabolic process purine nucleotide metabolic process ribonucleoside monophosphate metabolic process EV studies are executed to the same standard as is expected in the mammalian EV 377 field. The particle/protein ratio of 1.85x10 10 particles/μg protein is considered to be 378 highly pure 54 , suggesting that the methodology presented here is sufficient to isolate 379
EVs from watermelon which are free of protein contamination. However, analysis of 380 other potential contaminant molecules which may be present in watermelon juice, such 381 as glucose and sucrose, is not currently known. 382
Human exosomes exhibit miRNA 5 and protein 38 profiles that differ from their cells of 383 origin due to active loading of cargo, a phenomenon we also observed in watermelon 384
EVs. In watermelon EVs, miRNA sorting appears to be associated with abundance of 385 cellular target proteins; high levels of cytoplasmic mRNA may sequester miRNA away 386 from the site of EV biogenesis, as has been previously identified in humans 40 . 387
However, we acknowledge that protein levels are skewed by post-transcriptional 388 regulation and are therefore an imperfect proxy of mRNA levels. Whilst we did not 389 observe any discriminating sequence or structural motifs between enriched and non-390 enriched miRNAs in watermelon EVs, characterisation of the full complement of cellular 391 and EV miRNAs is required before this can be confirmed. 392
Several studies have described EVs or EV-like particles isolated from plants using 393 broadly similar methods to those we employed in this current study [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Some report 394 vesicles larger than human exosomes and watermelon EVs 8, 9, 11 , potentially due to 395 vigorous isolation techniques (i.e. prolonged blending) resulting in cellular debris. 396 However, it is also possible that some plant EVs may be constitutively larger, perhaps 397 due to differences in biogenesis. One of the main determinants of the size of vesicles 398 isolated by ultracentrifugation is the final pelleting force 55 . Whilst most studies have 399 pelleted plant EV-like particles at standard forces of 100,000-150,000xg, two studies 400 reported the isolation of EVs at just 40,000xg 6, 15 . However, the lack of reporting on the 401 rotors or the pelleting k-factor used to isolate EVs precludes direct comparisons, 402
reinforcing the importance of standardisation in reporting EV isolation and 403 characterisation. 404
Plastids and MVB are both vesicle-containing organelles 43 and it is therefore 405 conceivable that both produce plant EVs, perhaps of distinct functionality. More than 406 half of proposed plant EV markers (i.e., those most conserved in EVs between species) 407 are present in chromoplasts, around one third in MVB and one tenth in both, supporting 408 dual origin. Whilst our hypothesis that some watermelon EVs may be generated in 409 plastids is novel, the cell-to-cell movement of plastid components through an 410 unidentified mechanism has been reported previously 56 . Movement of the whole plastid 411 genome between cells was proposed to occur through the movement of intact 412 plastids 56 , but this hypothesis has been criticised due to the large size of plastids 413 relative to the diameter of the plasmodesmata channels between cells 57 . Our data 414 suggest that EVs could be responsible for the transfer of genetic material, as plastid 415
DNA is present at a relatively high abundance in watermelon EVs. DNA sequencing of 416 plant EVs would further confirm this hypothesis. 417 20 We have identified a number of potential plant EV marker proteins. We propose that a 418 panel of the potential plant EV markers identified herein -perhaps those with highest 419 fold-enrichment in EVs as compared with cells -be used in future plant EV studies to 420 enable better understanding of the nature of plant EVs as well as ensuring 421 standardisation amongst the field. For example, vesicle-associated protein 4-2 which 422 was identified solely in EVs and is predicted to reside solely in plastids, 423 adenosylhomocysteinase which resides solely in MVB and enolase which is predicted 424 to reside in both plastids and MVB and is also highly abundant in mammalian EVs. 425
Similarly, we recommend that 'negative' EV markers from human and animal studies be 426 extended for use in the plant field, as we have shown a number of these to be valid for 427 the characterisation of plant EVs. This includes calnexin and histone 2B. 428
Previous studies investigating EV-like vesicles in plants have focused on their role in 429
the plant response to infectious agents 29,58 . Our bioinformatic analyses suggest that 430 plant EVs may also play a role in metabolism and fruit development/ripening. We found 431 that watermelon EVs contain the machinery needed for the metabolism of sucrose and 432 glucose, such as glucose-6-phosphate isomerase and sucrose synthase, suggesting 433 that plant EVs may play a role in the accumulation and metabolism of sugar in fruits, 434 allowing for rapid tissue expansion and making fruit palatable for seed propagation by 435 animals. Growth-regulating factors (GRF) 1, 4, 5 and 9 are predicted targets of several 436 of the most abundant, if not the most enriched, watermelon EV miRNAs, including the 437 miR-396 family and miR-390-3p. GRFs are downregulated during ripening of 438 watermelon and other fruits 52,59 . A miR-396-GRF network has been implicated in the 439 size, maturation and ripening of several fruits, perhaps through influence on the 440 meristem 60-62 . Furthermore, miR-159c, which is depleted in watermelon EVs, is also 441 implicated in fruit development and ripening via its targeting of MYB33 63,64 ; this 442 transcription factor is downregulated during watermelon ripening. Overexpression of 443 miR-159 results in fruit formation in the absence of fertilisation 64,65 and downregulation 444 of miR-159 results in the production of more spherical fruit in Arabidopsis thaliana 66 . 445 Furthermore, three miRNAs enriched (cla-miR319a, miR399g and cla-miR408) and 446 three depleted (cla-miR393, miR167a and cla-miR399a) in watermelon EVs target 447 ethylene-responsive transcription factors and ethylene producing enzymes, suggesting 448 that they may be involved in ethylene-dependent fruit ripening. Together, these data 449 suggest that watermelon EV miRNAs could be involved in the initiation and control of 450 fruit development and ripening. 451
The potential role of plant EVs in fruit ripening represents a novel finding and could, 452 with further research, aid developing technologies to manipulate this process with the 453 aim of reducing the economic burden of fruit wastage due to premature ripening and 454 subsequent spoiling of fruits before they reach the end consumer. Furthermore, 455
understanding cell-cell communication through EVs in plants could be of use in 456 agricultural grafting, aiding in the production of crops able to develop fruits/vegetables 457 in substandard environments, thereby increasing global food production. Grafted plants 458
share genetic material, with the genetic material from one individual transferring the 459 other 67-71 . Some have hypothesised that this results from whole nuclei or organelles 460 passing between the individuals following cell disruption during the grafting process 461 (reviewed in 72 ). However, as mentioned above, the small size of the plasmodesmata 73 462 communication channels between cells relative to nuclei or organelles questions the 463 feasibility of this occurring 57 . Therefore, the current prediction of a potential plastid 464 origin for watermelon EVs, especially the plastid DNA they contain, raises the 465 possibility that EVs are a vector for this genetic exchange between grafted species. 466
Further understanding of the role for EVs in grafting could, therefore, aid in increasing 467 crop yield and resilience. 468
This study contains the first detailed characterisation of plant EVs alongside exploration 469 of the potential functions of watermelon EV cargo. It is hoped that the observations and 470 suggestions made herein, including the panel of plant-specific EV markers, will enable 471 clarity and rigor in the plant EV field moving forward. 472
Methods

473
Materials
474
Unless otherwise stated, all reagents were purchased from Sigma-Aldrich. 475
Extracellular vesicle isolation
476
We have submitted all relevant data of our experiments to the EV-TRACK 477 knowledgebase (EV-TRACK ID: EV190074) 74 .Watermelons (n=9) were purchased from 478 a range of local greengrocers and supermarkets. As the variety of watermelons is 479 usually not given in greengrocers or supermarkets, an effort was made to select 480 visually similar fruits. All were of a medium size (i.e. not described as 'giant' or 'baby') 481 and exhibited dark and light green stripes on their rind. Watermelon were from a range 482 of countries of origin and were purchased throughout the year so as to best reflect the 483 fruits available to consumers. The watermelon mesocarp was removed from the rind 484 with a knife and the weight of dissected mesocarp recorded. Dissected mesocarp was 485 pulsed for 1 second in a standard kitchen blender. This brief blending was sufficient to 486 disrupt the structure of the mesocarp, but did not break open the seeds or produce a 487 homogenate. Large tissue fragments were removed using a coarse sieve to leave an 488 opaque juice. EV isolation was then performed using differential ultracentrifugation at 489 supernatant was then centrifuged twice at 10,000xg for 10 minutes using A-621 fixed 492 angle rotor to remove the remaining large fragments of tissue, apoptotic bodies and 493 whole organelles such as plastids. The resulting supernatant was passed through a 494 0.22µm filter (Merck Millipore) then centrifuged at 100,000xg for 90 minutes (k-factor 495 207.11) in sterile tubes using the T-1250 fixed-angle rotor. The supernatant was 496 discarded, and the pellet was resuspended in 200µl of sterile phosphate buffered saline 497 minus magnesium and calcium. EV size was determined using nanoparticle tracking 498 analysis (NTA) on a NanoSight LM10 (Malvern). Per sample, 3x60 second videos taken 499 and were analysed using the NTA 2.3 software. EV morphology was determined using 500 transmission electron microscopy following negative staining with 1% uranyl acetate. 501
Images were captured on a JEM1400 transmission electron microscope (Jeol) at 120kV 502 using a 1k CCD camera (Advanced Microscopy Techniques, Corp.). Watermelon EVs 503
were compared with those isolated using the same protocol as for watermelon EVs 504 Currently, no products are commercially available for the profiling of watermelon 518 miRNAs. However, the high level of miRNA homology between plant species 519 (discussed in 75 ) allowed profiling of watermelon miRNAs using a rice (Oryza sativa) 520 qPCR array, which quantifies 84 miRNAs. cDNA samples from EVs and cells were 521 analysed using the Rice miFinder qPCR array (Qiagen). snoR10, snoR31, snoR5-1a, 522 U15 and U65-2 qPCR array housekeeping genes were constant in cells and EVs and 523 were used alongside the internal reverse transcription control and cel-miR-39 for 524 normalisation. Of the miRNAs on the array, 83 were detected. The melting temperature 525 of each miRNA was compared between qPCR array plates; a difference of 2 o C or more 526 suggests that a different sequence had been amplified, such miRNAs were removed 527 from analysis (17 miRNAs). As an additional stringency measure, any rice miRNA with Caco-2 cells and EVs were lysed in 10x radioimmunoprecipitation assay buffer 533 (Millipore), with the concentrated buffer being diluted in distilled water for the cells and 534 in the extracellular vesicle solution for the extracellular vesicles. A total of 30ng of 535 protein was loaded into a 7.5% or 10% polyacrylamide gel (Bio-Rad) in reducing 536 conditions. Following gel electrophoresis, proteins were transferred onto a 537 nitrocellulose membrane (GE Healthcare). Membranes were blocked in 5% bovine 538 serum albumin in tris-buffered saline for 1 hour before being incubated with primary 539 antibodies for ALIX (final concentration 1μg/ml; ab24335; Abcam), CD63 (0.5μg/ml; 540 ab199921; Abcam) or CANX (Calnexin; 1μg/ml; A303-695A; Bethyl Laboratories) 541 overnight at 4 o C. Secondary antibody was IRDye 800CW conjugated anti-rabbit IgG 542 (0.2μg/ml; 926-32213; Li-Cor Biosciences). Blots were incubated for 1 hour with 543 secondary antibody and then imaged on the Li-Cor Odyssey Sa (Li-Cor Biosciences). 544
Proteomics
545
Watermelon (n=3) cells and matched extracellular vesicles were lysed in10x 546 radioimmunoprecipitation assay buffer (Millipore), as described above for Caco-2 cells 547 and EVs. A total of 600µg of protein -quantified using the Bradford protein assay (Bio-548 Rad) -was run 5mm into a 10% polyacrylamide gel (Bio-Rad) prior to fixation and 549 staining using Imperial Protein Stain. The excised protein band was dehydrated using 550 acetonitrile then dried via vacuum centrifugation. The proteins in the dried gel piece 551 were reduced with 10mM dithiothreitol then alkylated with 55mM iodoacetamide. The 552 gel piece was washed twice with 25mM ammonium bicarbonate followed by acetonitrile 553 and vacuum centrifugation. Finally, the proteins in the gel were digested in trypsin 554 overnight at 37 o C, producing peptides for mass spectrometry analysis. Digested 3') were used to amplify nuclear, plastid and mitochondrial specific DNA respectively 581 from equal amounts of starting DNA using the Fast Cycling PCR Kit (Qiagen). PCR 582 products were run on a 2% agarose gel containing GelRed (Biotium) for band 583 visualisation. Densitometry was conducted using the ImageStudio lite (Li-Cor). The 584 value of any non-specific amplification in negative controls was removed from all 585 densitometry values for the respective primer's product. 586
Bioinformatics analysis
587
Oryza sativa miRNAs were aligned with published watermelon miRNAs using the blastn 588 mode of BLAST, with those miRNAs with <2 mismatches along the length of the 589 miRNA (i.e. <10% deviation from the watermelon sequence) being considered 590 homologous. T-Coffee Multiple Sequence Alignment was used to create a phylogenetic 591 tree of watermelon miRNA sequences. Prediction of miRNA targets was carried out 592 using psRNAtarget 76 using the Citrullus lanatus (watermelon), transcript, Cucurbit 593
Genomics Database, version 1 77 . FASTA sequences for watermelon proteins were 594 procured from the Cucurbit Genome Database 77 and were aligned with those from 595 other plant species and humans using the blastp mode of BLAST. An alignment was 596 considered to predict a homolog if the query cover was at least 70%, with 50% identity 597 within this region. In order to predict the subcellular location of EV biogenesis, the 598 known/annotated subcellular localisation of watermelon EV proteins was obtained from 599 the Cucurbit Genome Database 77 . The presence of motifs required for sorting into 600 different subcellular locations was also used to predict subcellular localisation using the 601 CELLO software 78 . Alignment was also performed to the proteome of watermelon 602 chromoplasts 50 , the late endosome/MVB proteome of Arabidopsis thaliana 51 and 603 transcriptomics data from ripening watermelon fruit 52 . Arabidopsis thaliana MVB data 604 was used as no watermelon MVB proteome currently exists in the literature. 605
Hierarchical clustering analysis and principal components analysis was performed 606 using the ClustVis R package 79 . Proteins and predicted miRNA targets were analysed 607 for pathway overrepresentation against the whole watermelon proteome using the 608 Bonferroni test; adjusted p-values of <0.05 were considered significant. This procedure 609 was carried out using the Cucurbit Genome Database. 
